M ore than 2.2 billion metric tons of oil is shipped by tanker every year around the world by a fleet comprising more than 11 000 oil tankers. Between 1974 and 2008, more than 9000 tanker incidents were reported, among which 348 resulted in spills of more than 700 tons of oil (1) . Oil spills cause great public concern, especially among people living in affected coastal areas, and large numbers of volunteers are mobilized to clean up the oil sediment.
Consequences of oil spills are usually evaluated in terms of environmental damage, effects on marine species, and economic losses, but relatively little is known about the effects of oil exposure on humans. Acute exposure to aromatic hydrocarbons, which are common constituents of oil, are known to cause respiratory symptoms (2) . Certain volatile organic oil compounds, in particular benzene, are carcinogenic in humans and have been associated with hematologic cancer (3) . Exposure to polycyclic aromatic hydrocarbons can damage the skin and mucous membranes and have been implicated in the pathogenesis of skin tumors (4).
In November 2002, the oil tanker Prestige foundered and spilled more than 67 000 tons of bunker oil, heavily contaminating the coast of Galicia in northwestern Spain. The spilled oil contained aromatic hydrocarbons (including benzene), saturated hydrocarbons, heavy metals, resins, and asphaltenes (5) . More than 300 000 volunteers participated in clean-up activities; among them, local fishermen were a large and highly exposed group. Studies of persons who participated in clean-up activities either as volunteers or as paid workers during the active period of clean-up showed that exposure to oil was associated with genomic damage (6 -8) , and a questionnaire that we distributed to fishermen showed increased rates of respiratory symptoms 1 to 2 years after participating in clean-up (9) .
We sought to follow up those observations in this study of longer term health effects of the Prestige oil spill. Specifically, we evaluated changes in lung function; assessed respiratory markers of oxidative stress and airway inflammation in exhaled breath condensate (EBC) (10) ; and assessed chromosomal damage, a biomarker of increased risk for cancer (11, 12) , 22 to 27 months after the spill in fishermen who had been highly exposed to oil during the clean-up work. We hypothesized that exposure to spilled oil would be associated with persistent abnormalities in lung function, inflammatory and oxidative changes in the airways, and evidence for genotoxicity similar to those reported in other occupational exposures to oil and its components (13) (14) (15) (16) .
METHODS

Design and Participants
Study participants were fishermen who had taken part in a previous questionnaire survey that included qualitative and quantitative information about participation in clean-up activities (9) . Using this self-reported information, we distinguished exposed from nonexposed individuals (Figure) . Exposed individuals (n ϭ 1119) were members of fishermen cooperatives in heavily affected areas of the Atlantic coast who had participated at least 15 days in clean-up activities, for 4 or more hours per day, including November and December 2002, when exposure presumably was greatest. Nonexposed fishermen (n ϭ 577) were members of cooperatives in areas of the Cantabrian coast (which was less affected by the oil spill) who did not participate in clean-up activities for reasons other than those related to health. Among the 598 (53%) exposed and 205 (35%) nonexposed fishermen who agreed to participate in the study, 97 exposed and 28 nonexposed individuals reported inconsistencies in details of clean-up work in a subsequent interview and were excluded from this analysis, 
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Original Research Health Changes in Fishermen 2 Years After Oil Spill Clean-up ‡ Met the inclusion criteria both at the questionnaire survey and at the face-to-face interview. § Participants reported never having smoked both at the questionnaire survey and at the face-to-face interview. || 8-Isoprostane was measured in all participants indicated; the numbers in brackets indicates those for whom additional analyses of cytokines and growth factors were done. ¶ Participants reported having children (which proved their fertility) and had no history of malignant neoplasms.
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Health Changes in Fishermen 2 Years After Oil Spill Clean-up leaving 501 exposed and 177 nonexposed persons in the final study population (Figure) . The study was performed between September 2004 and February 2005, 22 to 27 months after the spill and almost 2 years after most of the exposed participants came into contact with the oil (Appendix Figure 1 , available at www.annals.org, shows the timing of events). A face-toface interview was performed and outcome measures were obtained on the same day at the fishermen cooperative in a mobile unit that traveled to participants' coastal villages. Because the coastal area affected by the oil spill was known, nurses obtaining the measures were not blinded to exposure status. The project was approved by the Ethics Committee on Clinical Research of Galicia, and all participants provided written informed consent.
Interview and Clinical Testing
All participants completed a second interviewer-led questionnaire on respiratory symptoms and medication use, smoking habits, participation in clean-up activities, and characteristics of these activities. Items in this questionnaire were the same as those in the previous survey (9) . Participants underwent spirometry testing for FEV 1 and FVC measurement and methacholine challenge; bronchial hyperresponsiveness was defined as a 20% decrease in FEV 1 associated with a methacholine dose of 2 mg or less. Participants also had serum total IgE measurement and skin-prick testing for 19 common and occupational allergens to help distinguish intrinsic (atopic) from extrinsic (environmental) causes of symptoms. Atopy was defined as a positive reaction to at least 1 of the tested allergens (Appendix Table 1 , available at www.annals.org).
Assessment of Biomarkers in EBC
We used EBC to assess respiratory biomarkers of oxidative stress and inflammation. Samples were obtained by using an EcoScreen condenser (Jaeger, Würzburg, Germany) following current recommendations (17) , through breathing at normal frequency and tidal volume until a total expired volume of 180 L was achieved. After collection, the condensing device was centrifuged at 4°C, and the resultant EBC volume was distributed in 1-mL aliquots and rapidly frozen in liquid nitrogen. All samples were lyophilized and stored at Ϫ80°C before analysis.
We measured 8-isoprostane in a subsample of the population by using an enzyme immunoassay after resuspension with 400 L of assay buffer. The subgroup comprised all 79 nonexposed individuals who were nonasthmatic and lifetime nonsmokers (75% women) and 77 exposed individuals randomly selected from 230 exposed individuals who also were nonasthmatic and lifetime nonsmokers, matched by sex to the nonexposed group ( Figure) . 8-Isoprostane is a well-known stable product of local oxidative stress (18) . We excluded smokers because of associations between smoking and markers of oxidative stress and inflammation (19) . Among 49 exposed participants and 50 nonexposed participants for whom sufficient EBC samples remained after 8-isoprostane testing, we also measured 10 cytokines and growth factors (interleukin-1␤, 2, 4, 6, and 8; tumor necrosis factor-␣; interferon-␥; vascular endothelial growth factor [VEGF]; monocyte chemotactic protein-1; and basic fibroblast growth factor [bFGF] ) that are representative of Th1/Th2 inflammation (17, 20) and airway remodeling (21) . Investigators who obtained these measurements were blinded to exposure status and used the Cytometric Bead Arrays Flex System (BD Biosciences, Erembodegem, Belgium) after resuspension with 100 L of human soluble protein buffer.
Assessment of Chromosomal Damage
We assessed chromosomal damage in circulating lymphocytes. This measure of harm is often used in environmental studies and is an early marker of genotoxicity that has been associated with an increased risk for cancer (22) (23) (24) . The assessment was conducted in a preselected subsample of lifetime nonsmoking participants without a history of cancer. We again excluded smokers because of associations between smoking and chromosomal damage; we also excluded participants who did not have children because infertile individuals may have an impaired ability to produce gametes. Thus, 91 exposed and 46 nonexposed participants were included (Figure) . Assessment of chromosomal damage included evaluation of chromosomal lesions (chromatid gaps and breaks) and structural chromosomal alterations (deletions, acentric fragments, translocations, and marker chromosomes) (25) .
Peripheral blood samples were obtained, and within 48 hours, lymphocytes were cultured for 72 hours in RPMI-1640 medium (GIBCO Invitrogen Cell Culture, Invitrogen, Carlsbad, California), according to standard procedures. All cultures were performed in duplicate. Chromosome preparations were uniformly stained with Leishman stain (1:4 in Leishman buffer) in order to detect gaps and breaks. For each participant, at least 100 randomly selected metaphases were investigated. In addition, the same preparations were destained and reexamined after G-banding to further detect break-points involved in chromosomal lesions and to characterize structural chromosomal alterations. At least 25 banded metaphases were karyotyped in each participant. The analyses were carried out independently by 2 trained evaluators who were blinded to exposure status. All aberrant metaphases were checked by 2 observers, and agreement was reached in cases of discordance. We verified that the number of evaluated metaphases did not differ between exposed and nonexposed participants.
Statistical Analysis
Differences in characteristics between participants and nonparticipants and between exposed and nonexposed participants were evaluated by using chi-square tests for categorical variables and t tests for continuous variables. DifOriginal Research Health Changes in Fishermen 2 Years After Oil Spill Clean-up ferences in categorical health outcomes between exposed and nonexposed persons were expressed as adjusted absolute risk differences, estimated from multivariable generalized linear models with the binomial family with identity link and regular variance estimates based on the expected information matrix, controlling for sex and smoking where applicable. If the models did not converge, sex as a covariate was removed. Differences in percentage of predicted lung function (26) between the 2 groups were evaluated by using multivariable linear regression analyses adjusted for pack-years smoked. Because the concentration of 8-isoprostane in EBC approximated a log-normal distribution, log-transformed values of this variable were used throughout in analyses. Thus, group means were expressed as geometric means, and differences in 8-isoprostane level between groups were expressed as adjusted geometric mean ratios obtained from multivariable linear regression analysis of the log-transformed concentration adjusted for sex. Levels of each of the 10 markers measured in EBC were dichotomized by using the lower limit of detection provided by the manufacturer as the cutoff. Potential dependence of the presence of chromosomal lesions and structural alterations between metaphases within individuals was evaluated by using the correlation matrix from generalized estimating equation analysis. Because no dependence could be demonstrated (correlation coefficient Ͻ0.01), associations between exposure to clean-up work and chromosomal damage at the individual level were determined by using generalized linear models as described. Dose-response relationships were investigated for major study outcomes in analyses by using 3 increasing categories of exposure intensity. The P value for linear trend was obtained from adjusted regression models that included the respective exposure index as a continuous variable. Analyses were done by using Stata SE, version 10.0 (StataCorp, College Station, Texas).
Role of the Funding Source
The study was supported by grants from Instituto de Salud Carlos III/European Regional Development Fund, Sociedad Española de Neumología y Cirugía Torácica (SEPAR), and Centro de Investigación en Red de Enfermedades Respiratorias. The sponsors had no role in study design, data collection, data analysis, or data interpretation or in the writing of the report.
RESULTS
Study participants were more likely than nonparticipants in both the exposed and nonexposed groups to be female and never-smokers (P Ͻ 0.001); age distribution was similar. Nonexposed participants reported lower respiratory tract symptoms in the questionnaire survey (9) more often than nonparticipants (30% vs. 19%; P ϭ 0.003), whereas the prevalence of lower respiratory tract symptoms was similar in exposed participants and nonexposed participants (37% vs. 38%; P ϭ 0.80).
A higher proportion of participants exposed to clean-up work were men and were younger than those who were not exposed ( Table 1) . Female participants were 8 years older than men on average. Exposed and nonexposed persons did not significantly differ in smoking history, although a higher proportion of men than women were current smokers (39.8% vs. 12.8%) and former smokers (28.7% vs. 9.5%). Geometric mean serum total IgE levels † The most common clean-up activities were gathering oil from coastal rocks (83%), transporting the gathered oil (81%), gathering oil from beaches (73%), gathering oil from the sea (67%), cleaning work clothes or boots that were used during the gathering of oil (45%), and cleaning boats used for gathering oil (43%).
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Health Changes in Fishermen 2 Years After Oil Spill Clean-up www.annals.orgwere 32 IU/mL in exposed participants and 24 IU/mL in nonexposed participants (P ϭ 0.021); atopy (a positive reaction to at least 1 skin prick antigen) was present in 22.7% and 17.0%, respectively (P ϭ 0.12). After sex, age, and smoking status were controlled for, the difference in serum total IgE level between exposed and nonexposed participants lost statistical significance (P ϭ 0.086). Participants exposed to oil had an increased risk for lower respiratory tract symptoms (adjusted risk difference, 8.0 [95% CI, 1.1 to 14.8]), a finding also evident in the subsample of nonsmokers ( Table 2) . No statistically significant differences were found between exposed and nonexposed participants in nasal symptoms, medication use, or lung function. In sensitivity analyses of all associations reported in Table 2 that were restricted to nonasthmatics, associations between exposure status and respiratory health outcomes remained similar in magnitude and direction (data not shown).
Exposed participants had statistically significantly higher concentrations of 8-isoprostane in EBC than nonexposed participants (geometric mean ratio, 2.5 [CI, 1.7 to 3.7]) ( Table 3) , and a higher proportion of exposed participants had measurable VEGF levels (risk difference, 44.8 [CI, 27.9 to 61.6]) and bFGF (risk difference, 16.0 [CI, 3.5 to 28.6]); differences between groups in other biomarkers were not statistically significant. Exposed participants with lower respiratory tract symptoms had higher 8-isoprostane levels in EBC than did those without symptoms (geometric mean, 34 vs. 11 pg/mL; adjusted geometric mean ratio, 3.2 [CI, 1.5 to 6.8]), a difference not found in nonexposed participants (geometric mean, 7.3 vs. 5.4 pg/mL; geometric mean ratio, 1.3 [CI, 0.7 to 2.4]) (Appendix Figure 2 , available at www.annals.org).
There were no statistically significant differences between exposed and nonexposed participants in chromosomal lesions, whereas a higher proportion of exposed participants had structural chromosomal alterations (adjusted risk difference, 27.4 [CI, 10.0 to 44.8]) ( Table 4) , primarily chromosomal imbalances (translocations, acentric fragments, deletions, and markers). Twelve exposed participants and 1 nonexposed participant had metaphases with multiple structural chromosomal alterations when evaluated by using uniform stain.
The risk for several study outcomes increased with the degree of exposure to clean-up work (Appendix Table 2 , available at www.annals.org). A statistically significant linear trend was seen for 8-isoprostane concentration and measurable VEGF or bFGF levels in EBC, as well as structural chromosomal alterations in lymphocytes, when the number of hours per day and the number of different clean-up activities was evaluated.
DISCUSSION
This study of health effects among fishermen who participated in clean-up of the Prestige oil spill about 2 years earlier confirms previously reported findings of an increase in respiratory symptoms and newly demonstrates increased 8-isoprostane levels and growth factor activity in EBC and more structural chromosomal alterations in circulating lymphocytes among fishermen exposed to the oil.
Compared with unexposed fishermen, a greater proportion of persons who voluntarily participated in clean-up activities of the oil spill had lower respiratory tract symptoms 2 years later. Consistent with the results of our first cross-sectional survey (9), the increase in respiratory symptoms was not explained by an increased prevalence of Original Research Health Changes in Fishermen 2 Years After Oil Spill Clean-up chronic respiratory diseases in the exposed group. We could not demonstrate reductions in lung function values associated with exposure to clean-up work, consistent with a previous study that failed to demonstrate changes in airflow among residents of a coastal area affected by the Braer oil spill (27, 28) and inconsistent with another study showing lower lung function values in workers involved in the Tasman Spirit oil spill clean-up (29) . A subgroup of lifetime nonsmokers had a non-statistically significant higher risk for bronchial hyperresponsiveness in response to methacholine challenge, suggesting that compounds of spilled oil might act as respiratory irritants that increase bronchial reactivity, at least in persons not chronically exposed to cigarette smoke. This finding is consistent with previously demonstrated associations between various aromatic hydrocarbons present in spilled oil and airway inflammation and hyperresponsiveness (30, 31) . The previous respiratory symptom findings are reinforced by the new observation of increased 8-isoprostane levels and growth factor activity in EBC of a subsample of nonasthmatic, nonsmoking exposed participants; the increased 8-isoprostane levels in this subgroup seem to be related to some measures of intensity of exposure. High levels of 8-isoprostane in EBC are considered to reflect local oxidative stress (32) , and increased concentrations have been reported in a variety of inflammatory airway diseases (18, 19, 33, 34) , in cigarette smokers (19) , and in some occupational exposures (35) . Of note, 8-isoprostane levels were associated with the presence of lower respiratory tract symptoms in exposed participants. These findings suggest that among the fishermen who participated in clean-up activities after the Prestige oil spill, exposure to oil products over days to a few months might have contributed to respiratory oxidative changes that were still measurable 2 years later. The association between exhaled 8-isoprostane levels and respiratory symptoms also suggests that oil-induced oxidative stress underlies the increased respiratory morbidity in exposed fishermen. Although we acknowledge that the clinical meaning of the measures is unclear, our findings suggest a potential role for measuring EBC biomarkers in epidemiologic studies.
The growth factors bFGF and VEGF were also increased in EBC in an even smaller subgroup of nonasthmatic, nonsmoking exposed participants. Basic fibroblast growth factor is involved in angiogenesis and stimulates the proliferation, migration, and differentiation of epithelial cells and fibroblasts. In asthma, epithelial injury by inflammation products or environmental agents can stimulate the release of a range of growth factors, including bFGF, that are active on fibroblasts and smooth-muscle cells, leading to airway remodeling (21) . Accordingly, we speculate that increased bFGF levels in EBC might reflect an ongoing process of airway-wall remodeling. Regarding VEGF, little is known about its origins in biological lung fluids. It has been associated with asthma (36) and lung cancer (37), suggesting stimulated angiogenesis. In our study, the presence of VEGF in EBC might be related to airway remodeling; the origin and pathobiological significance of this finding merit further investigation.
We also detected an increased risk for structural chromosomal alterations in circulating lymphocytes among exposed workers, which had a dose-dependent relationship with some measure of intensity of exposure; frequency of chromosomal alterations in nonexposed persons was within 
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Health Changes in Fishermen 2 Years After Oil Spill Clean-up www.annals.orgthe normal range (22) . Chromosomal damage in circulating lymphocytes is an early marker of genotoxicity associated with increased risk for cancer (22) (23) (24) . Genotoxicity studies, particularly those focusing on structural chromosomal alterations, are standard ways to assess risk for cancer in potentially toxic occupational or environmental exposures (12, 23) . Genotoxic studies in volunteers exposed to oil spills are scarce (38) . It is well-known that chromosomal damage is increased in cigarette smokers (39) and is associated with occupational exposure to benzene (13) (14) (15) (16) 40) or coal combustion products (41), both of which contain aromatic hydrocarbons that are an important constituent of the oil spilled by the Prestige tanker. Genome damage related to early exposure has been shown in clean-up workers of the Prestige oil spill during the clean-up (6, 8) ; the chromosomal alterations we analyzed provide additional information on more persistent adverse health effects (11, 12) . We did not anticipate finding increased chromosomal damage, in particular unbalanced alterations, 2 years after exposure. Little information exists regarding the cytogenetic effects induced by acute exposure to chemical clastogens (42) . Persistent unstable chromosome alterations in lymphocytes 20 years after acute benzene exposure have been reported (42) . The precise pathways involved in chromosomal damage remain to be elucidated, but possible mechanistic explanations for the findings include persistence of genotoxic effects of acute exposure (43) ; persistence of chemical compounds leading to continuous exposure; genotoxic effects on bone marrow progenitor cells; and dysfunction in DNA repair proteins or alterations in epigenetic factors induced by exposure to oil.
The clinical implications of chromosomal damage in individuals exposed to oil while cleaning up spills are unknown. Chromosomal damage is a characteristic feature of cancer cells and is crucial for tumor pathogenesis (44) . An increased frequency of chromosomal alterations in circulating lymphocytes has been associated with augmented cancer risk (45) . The distribution of chromosomal damage is assumed to be similar in different tissues (11) . Accordingly, we speculate that chromosomal damage detected in circulating lymphocytes might reflect a more general increased risk for cancer. Because the possibility of a higher risk for cancer in exposed workers cannot be excluded, a surveillance program in the target population would be appropriate. Follow-up studies to evaluate persistent respiratory NE ϭ not estimable. * Participants reported never having smoked both at the questionnaire survey and at the face-to-face interview, had children (proven fertility), and had no history of cancer. † Detected by using uniform stain. ‡ Adjusted for sex. § Detected by using G-banded karyotypes. || Unadjusted estimate (fully adjusted model did not converge).
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Our study has limitations. First, its design cannot establish that any of the observed associations are causal, and the findings cannot be extrapolated to other populations of clean-up workers or to the general population living in the area of the oil spill. In addition, the findings cannot be extrapolated to spills of other types of oil. For example, the Prestige tanker contained bunker C oil, whereas oil spilled in the 2010 U.S. Deepwater Horizon disaster is crude oil. The main components of the oil spills are presumably similar, but proportions of those components (for example, volatile organic compounds, polycyclic aromatic hydrocarbons, hydrogen sulfide gas, and heavy metals) are probably different, as might be dispersants to break up the oil slick and the proportion of oil that evaporates and could be inhaled by humans. Findings from this study therefore cannot predict what effects individuals exposed to other oil spills, such as that in the Gulf of Mexico might experience.
In summary, 2 years after participating in clean-up efforts of the Prestige oil spill, exposed fishermen had increased prevalence rates of respiratory symptoms and biomarkers of pulmonary oxidative stress and growth factor activity, suggesting persistent airway injury. In addition, they had more structural chromosomal abnormalities in circulating lymphocytes. Our findings indicate that exposure to oil sediments, even for short periods, may have detrimental health effects. To fully understand the importance and nature of these effects, further longitudinal and mechanistic research in similar episodes is warranted. Because, unfortunately, oil spills will most likely occur again, it is crucial that the authorities responsible for organizing clean-up operations take appropriate measures to guarantee the health protection of persons involved in the clean-up activities and to establish registries to systematically assess possible adverse health outcomes in exposed workers over time. 
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